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We have used a step-wise cosensitization process to improve the power conversion efficiency (PCE) of dye sensitized 
solar cells employing N719 and metal free dye TA-St-CA. The DSSC sensitized with N719/TA-St-CA shows a PCE of 
8.27% which is higher than for the DSSCs sensitized with either N719 (5.78 %) or TA-St-CA (4.45%). The improved PCE 
is attributed to the enhanced overall dye loading as well the reduced dye aggregation that has resulted from the usage of dyes 
with different anchoring units. The enhancement in the PCE has also been attributed to increase in both short circuit 
photocurrent and open circuit voltage. This was due to the reduced dark current and suppression of back recombination of 
injected electrons in the conduction band of TiO2 photoanode with the −3I  ions in the electrolyte. 
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1 Introduction  
Dye sensitized solar cells (DSSCs) are currently 
attracting worldwide scientific interest due to their 
low cost, high efficiency and simple fabrication 
methods and environmental friendly nature which 
have been regarded as a promising alternative to 
conventional silicon solar cells, since they were 
reported by O'Regan and Gratzel1-3 in 1991. Record 
power conversion efficiency (PCE) of 12.3 % has 
been achieved for DSSC’s based on a donor–pi–
acceptor type zinc porphyrin and cobalt-based type 
electrolyte4. However, this PCE is still lower than that 
of silicon based solar cells, and further improvement 
is necessary for their commercial applications5.  
A typical DSSC consists of four main components, 
namely, the sensitizer, nano-crystalline metal oxide 
semiconductor (usually TiO2 and ZnO) electrode, 
redox mediator and counter electrode. Although 
optimization of each components mentioned above 
plays an important role for achieving the higher PCE6, 
much research is focusing on the synthesis and 
development of new sensitizers, since they are crucial 
for the improvement of PCE of the DSSC3,7-9. In 
general, three types of dyes, i.e., ruthenium 
polypyridyl dyes10-12, porphyrin dyes13-15 and organic 
metal free dyes16-18 were used as sensitizers for most 
of the DSSCs. In the DSSC, a sensitizing dye 
adsorbed onto the surface of a nano-crystalline TiO2, 
absorbs the light to inject an electron to the 
conduction band of TiO2, followed by the dye 
regeneration by the redox couple in electrolyte or a 
solid state hole conductor. In order to improve the 
PCE of DSSCs, the sensitizer should be 
panchromatic, that is absorb photons from the solar 
spectrum ranging from visible to near infrared, while 
maintaining sufficient driving force for electron 
injection and dye regeneration processes. Recent 
research has concentrated on improving the spectral 
response of the individual dyes by synthesizing 
panchromatic dyes such as black dye19-22, increasing 
Jsc has been achieved at the expense of Voc, and 
limited this approach. Moreover, single dyes with a 
wide absorption spectrum commonly have difficulty 
injecting the photogenerated electrons from the 
sensitizer to the photoanode. This is commonly 
observed when the TiO2 conduction band is 
approaching the dyes LUMO level23,24. 
______________ 
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Cosensitization is an effective approach to achieve the 
panchromatic collection behavior of the 
photoelectrodes25-32. The performance of the DSSC can 
be enhanced through a combination of the two or more 
dyes attached to the nano-crystalline semiconductor 
film, extending the light harvesting efficiency so to 
increase the photocurrent in the DSSCs. However, the 
selection of co-sensitizers used in DSSCs is a 
challenging task with respect to preventing competitive 
adsorption and unfavorable aggregation of dyes that 
may reduce the photocurrent or voltage of DSSCs. 
The Ru dye based DSSCs showed relatively lower 
incident photon to current efficiency values in the 
400-480 nm wavelength regions compared to the  
500-650 nm wavelength regions. This is due to the 
competitive light absorption by the tri-iodide used in 
the electrolyte, since tri-iodide showed an absorption 
band around 420 nm. This strongly affects the light 
harvesting efficiency of Ru based dyes such as N719 
due to its relatively low molar extinction coefficient 
relative to tri-iodide33,34. Therefore, the ideal  
co-sensitizer to be used should efficiently harvest 
light in this region, i.e., 400-480 nm and should have 
a smaller molecular size to permit the coadsorption 
with N719 dye onto the TiO2 surface. Moreover, it 
should effectively suppress the electron 
recombination with −3I  and dye aggregation. Han  
et al 30 have used a metal free dye having a structure 
donor -pi-acceptor (D-pi-A) as a co-sensitizer with black 
dye and achieved a certified PCE of 11.4 % and 
recently about 11.6 %. The simplest method for 
cosensitization is to sensitize the photoelectrode with 
solution containing multiple dyes, i.e., a dye cocktail. 
However, different speeds of dye uptake, molecular 
sizes of dyes and affinities of the dyes to the TiO2 
surface increase the unfavorable interactions such as 
electron transfer and electron-hole recombination 
between the adsorbed dyes near to the photoanode35-37. 
An inexpensive and simple method of 
cosensitization of a single TiO2 electrode using a 
number of sensitizers is the step wise adsorption of 
selective dyes39-40. This paper details a DSSC system 
exploiting the well-known N719, Ru based dye, and 
the metal free dye TA-St-CA. Through the use of 
these dyes as primary and secondary sensitizers, 
respectively, cosensitization was achieved using a step 
wise adsorption approach. This led to the PCE of the 
DSSCs increasing. A PCE of approximately 8.27 % 
was  achieved   for  the N719/TA-St-CA  cosensitized 
DSSC which was higher compared to those based 
either TA-St-CA (4.45%) or N719 (5.78 %) 
sensitizer. Both the open circuit voltage Voc and short 
circuit photocurrent Jsc were enhanced leading to the 
observed improvement in PCE.  
 
2 Experimental Details  
Decon 90, distilled water, isopropanol and ethanol 
were used in conjunction with sonication to clean 
substrates of fluorine doped tin oxide (FTO) glass. 
The DSSC working electrodes were manufactured by 
initially creating a blocking layer by applying 0.2M 
di-isopropoxy titanium bis (acetylacetone) dissolved 
in isopropanol using spray pyrolysis. Subsequently 
the doctor blade technique was used to deposit a TiO2 
nano-crystalline layer of Dyesol TiO2 paste  
(DSL 18NR-T) on the clean substrate of FTO coated 
glass. This coating was then stabilized by heated to 
500 °C for 30 min. 
A 0.02 M aqueous solution of TiCl4 was prepared 
and the TiO2 electrodes were then dipped for 20 min 
before rinsing with water and ethanol. The electrodes 
were then annealed at a temperature of 500 °C for  
20 min. A thin film thickness measurement system 
(Nano calc XR Ocean Optics Germany) was used to 
determine the electrode thickness, which was found to 
be in the range 10-12 µm.  
Dye solutions were produced by mixing a 5×10−4 M 
dye TA-St-CA in THF and 3×10−4 M N719 in 
acetonitrile/tert-butanol (1:1 v/v). Cosensitization was 
achieved by dipping the TiO2 photoanode firstly into 
the N719 solution for a duration of 4 h and then 
subsequently rinsing with ethanol before then dipping 
into the solution of TA-St-CA for a further 4 h. Spin 
coating was used to prepare the counter electrode 
from a H2PtCl4 solution (2mg of Pt in 1ml of 
isopropanol) onto a substrate of pre-cleaned FTO 
coated glass. Following coating the glass was heated 
to 450  ̊C for 15 min in air. The test cell was produced 
using a sandwich type configuration formed from the 
counter electrode and a Pt coated FTO working 
electrode. Sealing of the cell was achieved using 
Surlyn hot melt polymer adhesive. DSSC fabrication 
was completed by introducing an electrolyte solution 
containing I2 (0.03 M), LiI (0.05M), 0.5 M tert-
butylpyridine and 1 methyl-3-n-propylimidazolium 
iodide (0.6 M ) in a mixture of acetonitrile and 
valeronitrile (85:15 volume ratio) into the cavity 
between the two electrodes. To ensure complete 
penetration of the liquid, vacuum backfilling was used 
through a hole drilled in the Pt coated FTO. Duplicate 
cells as described above were prepared for  comparison to 
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increase the statistical significance of the results. In 
addition the influence of the order of dye application 
on performance was investigated by manufacturing 
cells cosensitized by firstly dipping into the TA-St-CA, 
followed by the N719 solution. A computer controlled 
Keithley source meter (2601 A) was used to determine 
the current –voltage (J-V) characteristics when the cells 
were illuminated using a solar simulator TS  
space system class AAA under an illumination of 
AM1.5, 100 mW/cm2. A Bentham IPCE system  
(TMc 300 monochromator computer controlled) was 
then employed to measure the incident photon to current 
efficiency (IPCE) spectra. An Autolab potentiostat/ 
Galvanostat PGSTAT30 recorded cyclic voltammogram 
curves to characterize the electrochemical performance 
of the DSSCs. A scan rate of 100 mV/s was applied to a 
three electrode cell constructed using a Ag/AgCl 
reference electrode and Pt wire counter electrode in  
0.1 M Bu4NPF6, N-dimethylformamide solution. 
Ferrocene was then used to calibrate the system. In the 
frequency range 0.1 to 100 kHz an Electrochemical 
Workstation (CH-604D) was applied a dc biasing 
equivalent to the open circuit voltage. The resulting 
electrochemical impedance spectra (EIS) were recorded 
under dark conditions. 
 
3 Results and Discussion  
The metal free dye TA-St-CA was synthesized using 
a previously reported method41. The dye TA-St-CA 
contains triphenylamine as donor and cyanoacrylic acid 
as acceptor moiety and a pi-conjugated oligophenylene 
unit used as co-sensitizer along with the well known Ru 
based dye, i.e., N719. The chemical structure of TA-St-
CA and N719 are shown in Fig. 1. The dye TA-St-CA 
showed absorption maxima around 412 nm with molar 
extinction coefficient42 2.8x104M-1cm-1. The Ruthenium 
complex dye, N719, was adopted as the primary 
sensitizer because it is commonly used and has a wide 
absorption range. N719 dye showed visible region 
absorption peaks located at wavelengths of 540 nm 
(molar extinction coefficient 2.0×104 M-1 cm-1) and  
380 nm (molar extinction coefficient 2.5×104 M-1 cm-1) 
and attributed to charge transfer (MLCT) associated 
with the metal-ligand transition and the pi-pi* transition 
contribution, respectively.  
The absorption spectrum of N719, TA-St-CA and 
N719/TA-St-CA adsorbed onto TiO2 film are shown 
in Fig. 2. It can be seen from this figure that the  
 
 
Fig. 1 – Chemical structure of N719 and TA-St-CA dyes 
 
 
Fig. 2 – (a) Absorption spectra TA-St-CA and N719 of in 
solution, (b) normalized absorption spectra of TA-St-CA, N719 
and N719/TA-St-CA adsorbed onto TiO2 film 
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TA-St-CA dye adsorbed onto TiO2 film posses an 
absorption peak around 430 nm, where N719 possesses 
the dip in the absorption spectrum. The N719/TA-St-CA 
dye system shows a broad absorption spectrum 
covering a wide range in the visible region extending 
up to 780 nm with superior light harvesting efficiency 
compared to the individual dyes. 
Figure 3 shows the current-voltage (J-V) 
characteristics of DSSC’s manufactured using the 
individual dyes, N719 and TA-St-CA, and the 
cosensitized systems prepared using N719/TA-St-CA 
and TA-St-CA/N719 (in the orders shown), 
respectively. The corresponding photo voltaic 
parameters are given in Table 1. The DSSC 
manufactured using the TA-St-CA sensitizer yielded a 
Jsc, Voc, FF and PCE of 10.23 mA/cm2, 0.64 V, 0.68 
and 4.45%, respectively. In comparison the cell 
sensitized with N719 yielded values of Jsc, Voc, FF 
and PCE of 13.14 mA/cm2, 0.62 V, 0.71, and 5.78%, 
respectively. However, the DSSCs cosensitized with 
(N719/TA-St-CA) showed a greater performance 
increase (Jsc=16.22 mA/cm2, Voc = 0.68 V, FF = 0.75 and 
PCE = 8.27%) when compared to the cells sensitized 
using the individual dyes N719 and TA-St-CA. This 
improvement was apparent in both Jsc and Voc. A higher 
Jsc was recorded for the cosensitized DSSCs 
(N719/TA-St-CA) when a comparison was made to 
the individual dyes. Charge collection, light 
harvesting efficiency and charge separation (electron 
injection, regeneration and recombination) were all 
found to influence the Jsc. Other research groups have 
reported that the breakup of dye aggregates is 
associated with the cosensitization of dyes with  
co-adsorbents. This was found to yield higher values17 
of both Jsc and Voc.  
Figure 4 shows the DSSC’s IPCE spectra. It can be 
seen from the IPCE spectrum of the DSSC sensitized 
with N719 dye, that there is a decrease in the 
wavelength region 400-430 nm, which is attributed to 
competition of absorption between the −3I and N719 
dye, since the −3I showed a higher molar extinction 
coefficient compared to the N719 in this wavelength 
region. Compared to −3I , the TA-St-CA dye showed a 
much higher molar extinction coefficient (greater 
ability for light harvesting) throughout this region, the 
dip is recovered in the IPCE spectra of DSSC based 
on N719/TA-St-CA cosensitized dye. Therefore we 
expect that the reduction of the light absorption by 
−
3I to be suppressed by the co-adsorbent TA-St-CA. 
Recovery of the dip in the IPCE spectra of DSSC 
sensitized with N719 near 410 nm is due to the 
competitive absorption of light by −3I . It is also 
required that the electrons are injected easily from the 
co-sensitizer LUMO level into the conduction band of 
the TiO2. Cyclic voltammetry and density functional 
theory (DFT) calculations, reported earlier41, were 
used to estimate the HOMO, (highest occupied 
 
 
Fig. 3 – Current-voltage (J-V) characteristics of cosensitized 
(N719/TA-St-CA and TA-St-CA/N719) DSSCs and those 
sensitized with TA-St-CA and N719, under illumination 
(100 mW/cm2) 
Table 1 – Photovoltaic parameters of the DSSCs based on different 
dye systems 
 
Dye Jsc 
(mA/cm2) 
Voc 
(V) 
FF PCE 
TA-St-CA 10.23 0.64 0.68 4.45 
N719 13.14 0.62 0.71 5.78 
N719/TA-St-CA 16.22 0.68 0.75 8.27 
TA-St-CA/N719 14.06 0.64 0.68 6.12 
 
 
Fig. 4 – IPCE spectra of DSSCs sensitized with TA-St-CA, N719, 
N719/TA-St-CA and TA-St-CA/N719 
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molecular orbital) and LUMO (lowest unoccupied 
molecular orbital) levels of both the dyes. The higher 
excited state oxidation potentials, i.e., LUMO energy 
level of TA-St-CA (-3.53 eV), compared to the 
conduction band edge (-4.2 eV) of nano-crystalline TiO2 
facilitate the electrons injection from the TA-St-CA  
co-sensitizer into the TiO2 conduction band. 
Moreover, the lower HOMO level of TA-St-CA 
compared to the redox potential of −− 3/ II  effectively 
regenerate the oxidized TA-St-CA. 
The DSSC sensitized with N719 dye alone had a 
broadband IPCE spectra extending across the whole 
visible region and into the near infrared region up to 
750 nm and showed the highest average IPCE value 
of 53% in the wavelength region 470–670 nm. As 
discussed earlier, the IPCE value decrease of up to 
32% at the wavelength 410 nm was attributed to the 
competitive light absorption of −3I  and N719 dye. 
When the DSSC is co-sensitized with TA-St-CA, i.e., 
N719/TA-St-CA system, the dip in the IPCE 
spectrum is recovered. This observation is in 
agreement with the IPCE spectra of DSSCs based on 
TA-St-CA alone. This is also consistent with the 
absorption spectra of TA-St-CA dye adsorbed on the 
TiO2 film (Fig. 4(b)). The values of the IPCE are also 
higher for the DSSC sensitized with N719/TA-St-CA 
compared to N719, in the wavelength range  
370-730 nm. The increase in the light harvesting 
efficiency, electron injection from the both the dyes, 
i.e., N719 and TA-St-CA into the conduction band 
of TiO2 contribute to the higher values of Jsc and 
overall PCE of the DSSC sensitized with the 
N719/TA-St-CA system. 
We have also investigated the DSSCs sensitized 
with TA-St-CA/N719, i.e., sensitization of TiO2 
electrode first dipping in the TA-St-CA followed by 
the N719 dye. The current-voltage (J-V) 
characteristics and IPCE spectra of this device is also 
shown in Figs 3 and 4 and the photovoltaic 
parameters are also shown in Table 2. It can be seen 
that the cosensitized (TA-St-CA/N719) DSSC showed 
slightly improved performance (Jsc = 14.06 mA/cm2, 
Voc = 0.64, FF = 0.68 and PCE = 6.12%) compared to 
the DSSC sensitized with N719. 
To get more information about the origin of the 
enhancement in the Jsc of the cosensitized dye based 
DSSCs, UV-visible absorption spectroscopy has been 
carried out to study light harvesting properties of 
cosensitization. Figure 2(a) shows the absorption 
spectra of TA-St-CA and N719 in solution and  
Fig. 2(b) shows the absorption spectra of the TA-St-
CA, N719 and N719/TA-St-CA cosensitized system, 
adsorbed onto 4 µm nanocrystalline TiO2 films made 
from DL18-NRT TiO2 paste. Both the spectra clearly 
demonstrate that TA-St-CA dye possesses the higher 
absorption intensity in 400-470 nm where the N719 
shows lower absorption. Therefore, upon 
cosensitization, i.e., N719/TA-St-CA, the absorption 
spectra of the cosensitized film demonstrates a 
panchromatic feature to provide an increased light 
harvesting efficiency. Apart from the absorption 
profile, the amount of dye loading is an important 
factor for enhanced PCE of the DSSCs. To estimate 
the amount of dye loading on the TiO2 film, the 
amount of dye adsorbed on to the 12 µm thick TiO2 
film was measured. First the cosensitized TiO2 
electrode was dipped into 0.05 M NaOH solution, 
desorption of TA-St-CA occurs predominantly 
compared to that of N719. The amounts of TA-St-CA 
desorbed were estimated by measuring the absorption 
spectra of the NaOH solution and monitoring the 
absorption peak at 420 nm, effectively measuring the 
absorption of the desorbed TA-St-CA. The residual 
N719 dye on the photoanode was then determined by 
dipping in acetonitrile/tert-butanol (1:1 v/v) and then 
measuring the absorption spectra of this solution. The 
amount of N719 was measured by monitoring the 
absorption peak at 530 nm. The amounts of N719 dye 
and TA-St-CA on the N719/TA-St-CA cosensitized 
TiO2 electrode were 1.45×10-7 mole/cm2 and 0.96×10-7 
mole/cm2, respectively. It is noted that the 
concentration of TA-St-CA on the cosensitized 
N719/TA-St-CA TiO2 electrode is less than the TiO2 
sensitized with TA-St-CA (1.67×10-7 mole/cm2) 
alone, indicating that there is a lower number of 
binding sites left on the TiO2 surface after N719 
adsorption43,44. But the total number of the N719 dye 
for N719/TA-St-CA cosensitized photoanode is 
almost same as for the individual N719 sensitized 
photoanode. In spite of that the total number of dye 
molecules (both N719 and TA-St-CA) significantly 
increased to 2.4×10-7 mole/cm2. These results 
Table 2 – EIS parameters and charge collection efficiency of 
DSSCs using different dyes 
 
Dye system Rt 
(Ohm/cm2) 
Rct 
(Ohm/cm2) 
τn 
(ms) 
ηcc 
TA-St-CA 14.3 38 26 0.73 
N719 13.6 53 34 0.79 
N719/TA-St-CA 9.8 85 57 0.90 
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demonstrate that the total dye coverage had been 
improved by inserting the small molecular sized TA-
St-CA molecules into the gaps left after the 
sensitization of N719. Moreover, N719 dye adsorbed 
with the TiO2 surface via its carboxylic anchoring 
groups, where as TA-St-CA dye is adsorbed through 
not only carboxylic groups but also via nitrogen in the 
cyano group45. Therefore, the anchoring sites on TiO2 
nanoparticles are different for two dyes, thus 
enhancing their absorption-dispersion on the TiO2 
surface46.  
It can be seen from the J-V characteristics of the 
DSSC cosensitized with TA-St-CA/N719 under 
illumination, Table 1, that the value of Jsc and PCE 
are 14.06 mA/cm2 and 6.12 %. These values are 
significantly less than that for the N719/TA-St-CA 
sensitized DSSC and higher than that sensitized with 
either individual N719 or TA-St-CA dye sensitized 
DSSC. We have also measured the dye loading for 
photoanodes sensitized with TA-St-CA employing 
same methods as described above and found that the 
amount of N719 dye adsorbed onto the TiO2 surface 
(0.67×10-7 mol/cm2) for the TA-St-CA/N719 system 
is much smaller than that for N719/TA-St-CA and the 
amount of TA-St-CA is about 1.7×10-7 mol/cm2. 
Since in the TA-St-CA/N719, first the TA-St-CA dye 
was adsorbed on the TiO2 surface and then the N719 
dye, the larger molecular size of N719 does not allow 
full adsorption onto the TiO2 surface on the gap left 
after TA-St-CA sensitization. The lower amount the 
N719 dye adsorbed may be attributed to the lower 
value of Jsc and overall PCE. The shape of the IPCE 
spectra of the DSSC based on TA-St-CA/N719 is also 
consistent with the observed value of Jsc. 
Apart from the increase in Jsc, the Voc also increased 
for the cosensitized DSSC. To clarify the effect of co-
sensitizer on Voc, electrochemical impedance 
spectroscopy (EIS) was performed under dark 
conditions. The Voc of a DSSCs can be defined as the 
difference in voltage between the electrolyte redox 
potential (Eredox/q) and quasi Fermi potential of electrons 
(EF,n) in the TiO2. Improvements in Voc can usually be 
attributed to suppression of charge recombination and a 
negative shift in the conduction band edge. 
The following expression47 is commonly used to 
define Voc:  
 
q
E
N
n
q
kTqEV redox
CB
CBoc −


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

+= ln/
 
where ECB, q, n and NCB denote the TiO2 conduction 
band edge, electronic charge , number of electrons in 
the TiO2 conduction band and the density of states in 
the conduction band respectively. Within this study it 
is assumed that the ratio of Eredox/q is constant because 
the same electrolyte was used in all the cells. 
The value of Voc is determined by the conduction 
band edge and the electron concentration in the 
conduction band of TiO2 both of these parameters are 
sensitive to the type of dye which is used as a sensitizer 
in the cell. Surface charges introduced by species such 
as dye molecules, additives, co-absorbents and ions all 
influence the position of the conduction band. The 
conduction band edge will vary when there is a 
change in surface charge, which by definition also 
influences Voc. The balance between the electron 
recombination and injection will define the number of 
electrons. Improvements in Voc could also be related 
to an increase in Jsc, which is expressed by the 
following equation48: 
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where γ, k, T, Jdark are the ideality factor, Boltzmann’s 
constant, temperature, and Jdark is dark current, 
respectively. It can be seen from above expression 
that the Voc depends upon the ln(Jsc/Jdark), indicating 
that the increase in Voc can be attributed to the 
increased electron density in the conduction band of 
TiO2 which is caused by the photoinduced electron 
injection from the dyes LUMO levels. In the case of 
cosensitization, both the N719 and TA-St-CA dye are 
injecting electrons into the TiO2 conduction band leading 
to enhancement in the electron density in the TiO2, 
resulting in improvement in Jsc. The value of Jsc is 
significantly improved for cosensitized N719/TA-St-CA, 
but the increase in Voc is of the same order. This is 
attributed to the recombination between the injected 
electrons from the dyes into the conduction band of 
the TiO2 and −3I  in the electrolyte, which is not 
completely suppressed although it was suppressed for 
the cosensitized system.  
As discussed above, the cosensitization of 
N719/TA-St-CA, resulted in enhancement of the PCE 
in DSSCs which is believed to be due to the 
enhancement in Jsc, FF and Voc. This enhancement 
was expected to result from improved light harvesting 
efficiency due to the adsorption of two dyes onto the 
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TiO2 surface and reduced dark current due to the 
dense packing of the two dyes on the surface. In 
addition reduced dye aggregation on the TiO2 
electrode was expected because of the different 
anchoring sites for N719 and TA-St-CA. To 
investigate the second effect further, we have 
recorded the J-V characteristics of the DSSCs in the 
dark as shown in Fig. 5. The dark current is 
suppressed significantly in the N719/TA-St-CA 
cosensitized system. Since dark current in DSSCs is a 
measure of recombination between the injected 
electrons with −3I ions in electrolyte the decrease is 
attributed to the low recombination rate between the 
injected electrons in conduction band of TiO2 with 
−
3I  and to the higher coverage of the TiO2 surface due 
to the increased overall dye loading. This decrease in 
dark current contributes to an increase in Voc for 
DSSCs based on N719/TA-St-CA. 
The photoanode electron transfer and 
recombination processes are elucidated from the EIS 
data in this investigation49-51. Nyquist and Bode phase 
plots for the DSSCs based on different sensitizers 
measured by EIS at a forward bias of 0.65 V, in the 
dark, are given in Fig. 6. Three semicircles are visible 
on the Nyquist plots produced from the EIS data. The 
far left semicircle corresponds to the impedances of 
charge transfer at the Pt counter electrode (high 
frequency range), the central semicircle to the charge 
transfer and recombination competition at the 
TiO2/dye/electrolyte interface (middle frequency 
range), and the right hand side semicircle to the 
electrolyte diffusion (low frequency range). The 
kinetics of the charge transfer process at the 
electrolyte/dye/TiO2 interface is expressed by the 
large middle frequency circle of the Nyquist plot. The 
semicircle corresponding to the DSSC sensitized with 
N719/TA-St-CA is larger when compared to that of 
the individual N719 or TA-St-CA dyes. This centrally 
located semicircle has been identified to help 
understand the interfacial charge transfer process and 
recombination resistance (Rct). Figure 6(b) is a Bode 
phase plot from which it is possible to estimate the 
peak frequency and therefore electron lifetime using 
the expression τn =1/2pifmax, in addition to information 
on the recombination resistance (Rct). The expression 
-11η = ( + R / R )cc t ct  was used to estimate the 
charge collection efficiency where the electron 
transport resistance is denoted by Rt. Within the 
central semicircle consideration of the high frequency 
region reveals a linear feature which is attributed to 
the electron transport resistance (Rt). This is in 
agreement with work by Bisquert on DSSC’s with 
photoanodes, which suggests that a transmission line 
behavior is shown in the electron transport52,53. Table 2 
summarizes the parameters Rct, Rt, τn and ηcc which 
were calculated from an equivalent circuit diagram 
based on the transmission line model. The DSSC’s 
 
 
Fig. 5 – Current-voltage characteristics of DSSCs based on 
N719, TA-St-CA and N719/TA-St-CA, under dark conditions 
 
 
 
Fig. 6 – (a) Nyquist and (b) Bode phase plots from the EIS spectra 
for the DSSCs sensitized with TA-St-CA, N719 and 
N719/TA-St-CA in dark conditions 
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based on N719/TA-St-CA dyes exhibited a higher 
resistance to recombination compared to the cells 
sensitized with dyes N719 and TA-St-CA 
individually. The work of Bhaers suggests that 
changes in the efficiency of electron injection may be 
attributed to changes in the electronic states of the dye 
sensitized TiO2 and the adsorption state of the dye 
induced by cosensitization46. It therefore follows that 
improvements in the Jsc for DSSC’s cosensitized with 
N719/TA-St-CA compared to the individual dyes 
N719 or TA-St-CA may be attributed to the breakup 
of aggregated dyes from competition between  
co-adsorbed N719 and TA-St-CA. 
 
4 Conclusions  
We have used a stepwise cosensitization process 
using N719 and metal free dye, i.e., TA-St-CA to 
improve the PCE of the DSSCs. Significant 
improvements in the PCE have been observed for 
N719/TA-St-CA (8.27%) based DSSCs compared to 
those sensitized with individual either N719 (5.78%) 
or TA-St-CA (4.45%). This was attributed to the 
enhancement in the light harvesting efficiency, overall 
dye loading and reduction in dye aggregation. In 
addition, the combination of the two dyes with 
different anchoring units, results in larger coverage of 
TiO2 surfaces, thereby enhancing the Jsc and reducing 
the back electron recombination with −3I  in the 
electrolyte, which in turn increases the overall power 
conversion efficiency. 
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